Dissolved organic nitrogen (DON) is an emerging concern in oxidative water treatment because 27 it exerts oxidant demand and may form nitrogenous oxidation/disinfection by-products. In this study, 28
we investigated the reactions of ozone with DON with a special emphasis on the formation of nitrate 29 (NO 3 -) and ammonium (NH 4 + ). In batch ozonation experiments, the formation of NO 3 and NH 4 + was 30 investigated for natural organic matter standards, surface water, and wastewater effluent samples. A 31 good correlation was found between NO 3 formation and the O 3 exposure (R 2 > 0.82) during 32 ozonation of both model DON solutions and real water samples. To determine the main precursor of 33 NO 3 -, solutions composed of tannic acid and model compounds with amine functional groups were 34 ozonated. The NO 3 yield during ozonation was significantly higher for glycine than for 35 trimethylamine and dimethylamine. Experiments with glycine also showed that NO 3 was formed via 36 an intermediate with a second-order rate constant of 7.7 ± 0.1 M -1 s -1 while NH 4 + was formed by an 37 electron-transfer mechanism with O 3 as confirmed from a hydroxyl radical ( • OH) yield of 24.7 ± 38 1.9%. The NH 4 + concentrations, however, were lower than the • OH yield (0.03 mol NH 4 + /mol • OH) 39 suggesting other • OH-producing reactions that compete with NH 4 + formation. This study concludes 40 that NO 3 formation during ozonation of DON is induced by an oxygen-transfer to nitrogen forming 41 hydroxylamine and oxime, while NH 4 + formation is induced by electron-transfer reactions involving M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
Introduction 52
Dissolved organic nitrogen (DON) in the aquatic environment commonly occurs as amino acids, 53 peptides and proteins and accounts for 0.5 -10% (by mass) of the dissolved organic matter (DOM) 54 (Sharma and Graham 2010, Westerhoff and Mash 2002) . Despite these relatively low concentrations, 55 DON is considered an emerging concern for water utilities because it can act as precursor of 56 potentially toxic nitrogenous oxidation/disinfection by-products (e.g., nitrosamines, 57 halonitromethanes, haloacetonitriles) during chlorination and/or chloramination processes (Krasner 58 et al. 2013 , Shah and Mitch 2012 , Westerhoff and Mash 2002 . DON becomes increasingly more 59 important as a result of shorter water cycles through indirect or direct potable reuse leading to higher 60 fractions of wastewaters in source waters used for drinking water production (Krasner et al. 2009, 61 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
-4 -During ozonation, amino acids play an important role in the reactivity of DON as they can 78 readily react with O 3 through their deprotonated amine nitrogen moiety, with higher second-order 79 rate constants in the presence of methyl, alkyl, or thiol groups (Neta et al. 1988 , Sharma and Graham 80 2010) . Glycine, serine, aspartic acid and glutamic acid are the most abundant amino acids in the 81 aquatic environment (Westerhoff and Mash 2002) . As reported in a few product studies, amino acids 82 react with O 3 producing nitrate, ammonia, carbonyl and carboxylic acids (Sharma and Graham 83 2010) . Using serine as a model compound, Le Lacheur and Glaze (1996) reported that nitrate and 84 ammonia were among the major end-products of amine nitrogen oxidation under O 3 -and • OH-85 dominated conditions, respectively. A study with glycine also showed that the • OH pathway favors 86 ammonia production while O 3 produces nitrate (Berger et al. 1999 , Karpel Vel Leitner et al. 2002 . 87
In these studies, nitrate formation is induced from the O 3 attack on the amine-nitrogen before 88 cleavage of the C-N bond (Berger et al. 1999, Le Lacheur and Glaze 1996) . In contrast, the reaction 89 of • OH leads to a nitrogen-centered radical which rearranges into a C-centered radical analogous to 90 the 1,2-H shift in reactions of alkoxy radicals. This is followed by oxygen addition and loss of 91 superoxide and imine formation, which finally induces a deamination and ammonia production 92 (Berger et al. 1999 , Karpel Vel Leitner et al. 2002 ) (for the mechanism, refer to Fig. S1 of the 93 supporting information). Although the compounds used in these prior studies were smaller molecules 94 than the complex structures of DON moieties, it is worth investigating if the subsequent changes in 95 levels of nitrate and ammonia after ozonation can also occur with differing natural and standard 96 NOM sources. If this is observed, nitrate and ammonia may become important parameters in 97 evaluating the characteristics of an ozonation process such as disinfection efficiency, O 3 exposure 98 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
-5 -This study aims to understand the effect of ozone on DON moieties and the subsequent 104 formation of inorganic nitrogen compounds (NO 3 and NH 4 + ). NOM reference standards, surface 105 water, and wastewater effluent samples were treated under varying ozonation conditions and the 106 changes in nitrate and ammonium concentrations were recorded. Furthermore, the possible major 107 precursors of inorganic nitrogen were identified in experiments using primary, secondary, and 108 tertiary amine model compounds. From the observed results and by using glycine as a model 109 compound, a mechanistic interpretation of the reactions of O 3 with DON was proposed. Lastly, a 110 potential application of the results for characterization of ozonation processes (e.g., estimation of O 3 111 exposure) were explored. 112 113
Experimental Methods 114

Reagents and chemical analyses 115
The chemicals used in this study were of reagent grade or higher quality and were purchased 116 from the commercial suppliers shown in Table S1 of the supporting information (SI). All stock 117 solutions were prepared using Milli-Q Direct ultrapure water (18.2 MΩ-cm, Millipore). 118
Ozonation experiments were performed at the University of Queensland (UQ), Australia and the 119 École Polytechnique Fédérale de Lausanne (EPFL), Switzerland using ozone generated from pure 120 oxygen (99.995%) with an Anseros COM-AD-04 or an Innovatech Type CMG 3-5 ozone generator, 121 respectively. Ozone stock solutions (1 -1.3 mM O 3 ) were prepared by sparging O 3 -containing 122 oxygen gas through 1 L of ice-bathed MilliQ water and standardized using the absorbance at 260 nm 123 (ε 260 = 3200 M -1 cm -1 ) (von Sonntag and von Gunten 2012). O 3 concentrations in samples were 124 determined by the indigo method (Bader and Hoigné 1981) and O 3 exposure was calculated from the 125 area under the O 3 decay curve (von Gunten and Hoigné 1994). para-Chlorobenzoic acid (pCBA) was 126 used as a probe compound for • OH (k ·OH+pCBA = 5.0×10 9 M -1 s -1 (Elovitz and von Gunten 1999)). 127 pCBA concentrations during kinetic experiments were measured using high performance liquid 128
Synthetic DON solutions containing a mixture of glycine (≥98.5%, Sigma-Aldrich, USA), tannic 155 acid (ACS reagent, Sigma-Aldrich, USA), methanol (MeOH, ≥99.9%, Carlo Erba, Italy) and tertiary 156 butanol (t-BuOH, ≥99.7%, Sigma-Aldrich, Germany) were also used (Table 1) . Solutions with 157 trimethylamine (98%, Sigma-Aldrich, USA) and dimethylamine (40% in water, Sigma-Aldrich, 158 USA) as DON source were also prepared (Table 1) . 159
Experimental conditions 160
This study was composed of three parts as summarized in NOM standards (SRHA and PLFA, 10 mg/L DOC), surface water (18 mg/L DOC), and wastewater 165 effluent (6.7 mg/L DOC) at differing conditions were studied. These experiments were carried out by 166 varying the specific O 3 doses and applying treatment conditions that destabilizes (e.g., high pH, 167 addition of radical chain initiators (H 2 O 2 ) and promoters (MeOH)) and stabilizes ozone (e.g., low 168 pH, addition of radical scavengers such as t-BuOH or bicarbonate) (refer to Table 1 for experimental 169 conditions). Table S4 presents the • OH scavenging rates resulting from the use of differing t-BuOH 170 and MeOH concentrations. Kinetic studies to determine O 3 exposure were also conducted using the 171 surface water and wastewater samples. 172
In the second part, the formation of the inorganic nitrogen species during ozonation (400 µM O 3 ) 173 of various amines (20 µM each of glycine, dimethylamine, and trimethylamine) was investigated. 174
This was done in the presence of 3 mgC/L tannic acid to mimic phenolic moieties of NOM and to 175 ensure that the amino groups are not the main consumers of O 3 similar to real water samples ( (Table S5 ). The NO 3 concentrations were then corrected (symbols in Fig. 1c ) to show 252 NO 3 evolution from the ozone oxidation of DON. Generally, similar trends as for the previous water 253 samples were obtained for the corrected NO 3 concentrations, i.e., increasing NO 3 for higher specific 254
contribution to the overall • OH scavenging. It should also be noted that the wastewater effluent 256 contained NO 2 at a concentration of 0.3 µM. However, even for the expected full oxidation of nitrite 257 to nitrate, it has a negligible contribution to the observed NO 3 levels in the range of 3 -20 µM. 258 Therefore, the effluent's DON is the major source of NO 3 during ozonation. 259
NO 3 yields from model compounds (amines) 260
Some potential precursors of NO 3 and/or NH 4 + during ozonation of DON were investigated 261 using the model compounds glycine, dimethylamine, and trimethylamine, representing primary, 262 secondary, and tertiary amines, respectively. The ozone-reactive site for amines is the lone electron 263 pair at the nitrogen atom, with a very low reactivity for protonated amines (von Sonntag and von 264 Gunten 2012). At pH 7, the apparent second-order rate constants of the selected compounds with O 3 265 (Lee and von Gunten 2010, Neta et al. 1988 ) are as follows: glycine: k app = 1.63×10 2 M -1 s -1 (pK a = 266 9.3); dimethylamine: k app = 3.79×10 3 M -1 s -1 (pK a = 10.7); trimethylamine: k app = 6.49×10 3 M -1 s -1 (pK a 267 = 9.8). The higher apparent second-order rate constant of trimethylamine over dimethylamine is due 268 to the former's lower pK a (von Sonntag and von Gunten 2012) leading to a higher reactive amine 269 fraction (trimethylamine = 0.16%; dimethylamine = 0.02%). (Table S6) (Fig. 3b) . 339 Furthermore, the • OH yield from ozonation of glycine was determined using the DMSO assay 340 (Fig. 3c ). The • OH yield for glycine was calculated to be 24.7 ± 1.9% (mol • formation confirms that an electron-transfer mechanism occurs during ozonation of glycine. A plot 346 of the NH 4 + against the • OH concentration (Fig. 3b) gives a linear correlation with a slope of 0.03 347 mol NH 4 + /mol • OH, which means that the measured NH 4 + concentrations are much lower than 348 expected from the • OH formed. This is a strong indication that other reactions producing • OH 349 compete with NH 4 + formation. 350
NO 3 and NH 4 + formation during ozonation of synthetic waters mimicking realistic conditions 351
Ozonation experiments with synthetic DON solutions (20 µM glycine + 3 mgC/L tannic acid + t-352 BuOH/MeOH) were performed with two • OH scavenging rates, which are about a factor of 10 apart 353 (high: 1.3x10 6 s -1 (Figs. 4a and 4b) and low: 1.8x10 5 s -1 ( Figs. 4c and 4d) ). through an alkoxyl intermediate that also forms oxamic acid (reactions 19 -23). 444
Kinetic simulations of experimental data from model systems 445
A kinetic model was set up to simulate the experimental data in Fig. 4 . The symbols are 446 experimental results and the lines are derived from kinetic simulations using the reactions (RS) and 447 rate constants listed in Table S11 . The second column of Table S11 shows (Table S11; see section 3. 3) with a second-order rate constant of 7.7 M -1 s -1 (Fig. S4 ). This reaction is 461 preceded by RS1 (O-transfer to N, producing a hydroxylamine) and RS2 (ozonation of 462 hydroxylamine). RS2 was included since hydroxylamines are among the known products of 463 ozonation of primary amines (k RS2 = 2.0×10 4 M -1 s -1 ) (Hoigné et al. 1985) . It can also be seen that RS1 464 is in competition with RS4, which accounts for electron-transfer reaction. The second-order rate 465 constant used for RS1 was equal to 1.23×10 2 M -1 s -1 , 75% of the known second-order rate constant 466 for the reaction of glycine with O 3 at pH 7 (k = 1.63×10 2 M -1 s -1 ) (Lee and von Gunten 2010, Neta et 467 al. 1988 ). This fraction was used because a 25% • OH yield was measured from the ozone-glycine 468 reaction (section 3.4). Considering that • OH can be formed from ozonide in reaction 7, a second-469 order rate constant of 41 M -1 s -1 was assigned for electron-transfer reactions (RS4). The relatively 470 good agreement of the model and the experimental data supports the mechanistic assumptions in this 471 study. 472
The N-centered radical, HN • -CH 2 CO 2 -, would react directly with O 3 and indirectly with O 2 after 473 rearrangement to the corresponding C-centered radical. Since we found earlier that glycine can be 474 completely converted to NO 3 -(section 3.3), it is highly possible that NO 3 can also form from 475 reactions involving the N-centered radical. O 3 addition to HN • -CH 2 CO 2 leads to an N-oxyl radical 476 (RS5) with subsequent dismutation reaction (RS6). This results in products such as hydroxylamine 477 and oxime that forms NO 3 by further oxidation. Rate constants for the reaction of aminyl radicals 478 with ozone are still unknown. But for the simulation, a second-order rate constant of 3.0×10 9 M -1 s -1 479 (i.e., close to diffusion-controlled reactions) was assumed to fit the experimental data. For the 480 dismutation of the N-oxyl radicals (RS6), a rate constant of 1.0×10 9 M -1 s -1 was assigned which is 481 typical for radical-radical reactions (Buxton et al. 1988) . The N-oxyl radical can also react with O 3 482 (RS7) to form another N-centered radical, similar to those reported for TEMPO (k = 1.3×10 7 M -1 s -1 ) 483 (von Sonntag and von Gunten 2012). Table S11 . Tables S7 -S10. Initial O 2  510 concentrations of 0.28 mM (9 mg/L O 2 ) were used to mimic the dissolved O 2 at ambient conditions 511 (20 °C, 1 bar) (USGS 2014). 512
Practical implications 513
This study gives evidence that formation of inorganic nitrogen species is greatly influenced by the 514 ozonation conditions of a water sample. One practical application of the results would be in the 515 context of assessment of oxidation/disinfection efficiency during ozonation. Since a strong 516 correlation was found between NO 3 and O 3 exposure (Fig. 5) , water utilities could continuously 517 monitor NO 3 concentrations to evaluate if their treatment plant achieves a required O 3 exposure or 518 CT for disinfection or for oxidation of micropollutants. This can be achieved by initial calibrations of 519 the ozonation process with NO 3 formation, i.e., a measured increase in the NO 3 level would 520 correspond to a certain O 3 exposure. This approach might be applicable to a wide range of conditions 521 as the direct correlation of NO 3 concentrations with O 3 exposures applies for different water samples 522 with R ct s ranging from 10 -10 -10 -7 . Hence, the measurement of NO 3 could be a useful parameter to 523 alert operators that likely a water quality change has occurred in the treatment plant when the 524 detected NO 3 concentrations deviate from typically observed levels. For example, waters that show a 525 sudden increase in NO 3 concentration despite having the same ozonation conditions could indicate 526 that there is a significant change in the quantity and quality of the influent DON. Similarly, an 527 increase in NH 4 + and decrease in NO 3 concentrations could suggest having lower O 3 exposures and 528 that higher ozone doses might be needed to achieve the desired disinfection credit. Thus, these results 529 may be useful to complement the monitoring tools currently applied in water treatment to assess O 3 530
exposures. 531
However, the new concept that we presented also has limitations. For example, the changes in 532 NO 3 with O 3 exposure was not very apparent when ozonation pH was varied (Fig. S5 ). This is due to 533 Symbols in (c) are corrected NO 3 concentrations (i.e., total measured NO 3 -(gray lines) minus predicted NO 3 from NH 3 oxidation (Table S5) Table   S11 (SI). • Amine-N oxidation from oxygen transfer induces NO 3 formation
• NH 4 + is induced from electron-transfer reaction involving ozone
